Herein a uric acid (UA) biosensor based on triangular Au nanoplates-uricase was presented. In the presence of uricase and oxygen, UA was oxidized to produce H 2 O 2 . H 2 O 2 etched the active "tips" area of the triangular Au nanoplates, eventually, it results in great increase in ultraviolet absorbance strength of triangular Au nanoplates. Under the optimized conditions, a linear relationship between the absorbance of triangular Au nanoplates and UA concentration ranged from 0.0027 to 0.5333 μM (R 2 = 0.9959) with the detection limit of UA for 0.0013 μM (S/N = 3). Some of the interfering substances (e.g., histidine, glycine, valine and tryptophan) in human serum have no effect on the experiment. Serum samples could be detected directly with the sensing system and the obtained results are in agreement with the biochemistry analyzer test results with the average relative error for 3.9%. These results suggest that the proposed UA sensor has great potential in applications for clinical diagnosis.
Introduction
Uric acid (2,6,8-trihydroxypurine, UA) is the final product of dietary and endogenous purine metabolism [1] . The normal level of UA in healthy adults is within the range of 0.12-0.46 mM in serum and 1.4-4.5 mM in urinary excretion [2] . Abnormal UA in the body can reflect some of the diseases associated with purine metabolism, such as gout [3] , Lesch-Nyhan syndrome [4] , hyperuricemia [5] , cardiovascular disease [6] . Therefore, it is very significant to frequently monitor UA in serum and urine to prevent these diseases.
It is reported that UA analysis methods include fluorescence [7, 8] , ion chromatography [9] , electrochemical methods [10] , chemiluminescence [11] , capillary electrophoresis [12] and colorimetry [13, 14] . However, some methods are laborious, expensive and complicated. For instance, ion chromatography need sophisticated equipment and troublesome sample preparation [15] , and electrochemical approaches require complex electrode fabrication and time-consuming surface modification [16] . In contrast, optical techniques for UA detection, like UV-Vis spectrophotography, have attracted much attention because of their advantages of high sensitivity, facile operation, low expense and fast response.
Recently, triangular Au nanoplates have attracted more and more attention due to their strong anisotropy and excellent localized surface plasmon resonance (LSPR) properties [17] [18] [19] . It has the advantage of high specific surface area, high load, easy to surface functional, safe and environmentally friendly pollution, good dispersion and stability. This is because they have three sharp vertices or "tips". Many methods for the synthesis of triangular gold nanoplates, including thermal reduction methods [20] , seed growth methods [21] , electrochemical methods [22] , oxidative etching methods [23] and photocatalytic methods [24] , in which the oxidative etching method is still the most popular because of its relatively higher throughput and simple installation.
Uricase has been widely used in the determination of UA enzymatic oxidation mechanism. In the presence of oxygen, uricase can catalyze UA to produce allantoin, CO 2 and hydrogen peroxide. Two major categories of noble metal nanomaterials-uricase sensors for the detection of UA have been constructed. One was electrochemical sensors, the nanomaterial modified electrodes including SnO 2 /graphene composite [25] , hierarchical nanoporous PtTi alloy [26] , Pd@Au core-shell [27] and PtAu hybrid film [28] were used to detect UA. The another was optical sensors including fluorescent sensors and UV-Vis sensors. Zhang et al. presented a uricase/CS-AuNCs switch-off fluorescent probe and the UCNPs/uricase/HRP/OPD fluorescence method for determination of UA based on the inner filter effect (IFE) [29, 30] . A simple and sensitive Ag nanoprisms-uricase colorimetric sensor was proposed [13] . In the presence of uricase, uric acid was oxidized to produce H 2 O 2 , subsequently, the morphology of Ag nanoprisms changed from triangle to round by etching of H 2 O 2 . Moreover, they also proposed a new TMB-Cu 2+ /uricase sensor for the detection of UA [14] . Cu 2+ exhibited a highly efficient peroxidase-like activity and catalyzed the oxidation of TMB by H 2 O 2 to produce a blue product with generating optical signals.
In this paper, we developed a triangular Au nanoplates-uricase biosensor for detecting uric acid with sensitivity and high selectivity (Scheme 1). In the presence of oxygen, uricase can catalyze UA to produce H 2 O 2 , which etched some triangular Au into round and irregular shape. As a result, the absorbance of nanoplates increased sharply and has a linear relation with the concentration of UA. This method was used to detect UA in serums with satisfactory results.
Materials and Methods

Reagents and Solutions
Sodium borohydride (NaBH 4 ), potassium iodide (KI), and hexadecyltrimethylammonium bromide (CTAB) were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China., tetrachloroauric acid (HAuCl 4 · 3 H 2 O), histidine, glycine, valine, tryptophan, tyrosine, phenylalanine, UA, uricase, ascorbic acid, glucose and glutathione were obtained from Sigma-Aldrich. Phosphate-buffered saline (PBS, 0.2 M NaH 2 PO 4 and Na 2 HPO 4 , pH 7.4). The UA stock solution was formulated with a small amount of 1 M NaOH, fixed using PBS, and stocked at 4 °C. Unless otherwise stated, all reagents were of analytical grade and no further purification was required. All glassware must be washed with aqua regia (3:1 ratio by volume of HCl and HNO 3 ) and double-distilled water (18.25 MΩ, Millipore, Billerca, MA, USA).
Instrumentation
UV-Vis spectral measurements were performed on an Agilent 8453 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) equipped with a standard 10-mm pathlength cell. Transmission electron microscopy (TEM) measurements were recorded on JEM-2100 (JEOL Co., Japan) operating at 200 kV and the associated point and linear resolutions were 0.23 and 0.14 nm, respectively. Then, one drop of Au sol was put on the carbon coated copper grid surface and dried naturally. Biochemical analysis was obtained from AU2007 biochemical analyzer (Beckman, Olympus, USA). The particle morphologies of the prepared triangular Au nanoplates was detected by scanning electron microscopy (SEM, ZEISS sigma 300, Germany). In addition, particle size distributions of nanoplates were also determined by LS-230 model laser grain size analyzer. All measurements were implemented at room temperature.
Synthesis of Triangular Au Nanoplates
Triangular Au nanoplates were synthesized by an oxidative etching method according to the previous published literature. Briefly, 1.6 mL of 0. 
Procedures for UA Sensing
400 μL of unmodified triangular Au nanoplates and 40 μL of uricase (1 mg/mL) were added to a series of 2 mL standard centrifuge tubes, diluting with 1020 μL PBS. After 5 min, 40 μL various amounts of UA standard solutions or centrifuged serum samples were added to each of the above mixture solutions, which were moderately shaken. In the water bath, kept them at 40 °C for 40 min. Then, the mixed solutions were transferred separately into 1 cm quartz cuvette and directly monitored by UV-Vis spectrometer.
Selective Detection of UA
In order to assess the selectivity of the proposed UA sensor based on the optical properties of triangular Au nanoplates, the following experiment was performed. In normal human serum, there are several potential interfering substances, histidine, glycine, valine, tryptophan, phenylalanine and tyrosine, ascorbic acid, glucose, glutathione, bovine serum albumin (BSA) and IgG were selected and pre-mixed with 0.5333 μM of UA. Then, uricase and triangular Au nanoplates were added according to the above experimental procedure. All experiments were carried out under the same optimal conditions. The concentrations of histidine, glycine, valine, tryptophan, phenylalanine and tyrosine, ascorbic acid, glucose, glutathione, BSA and IgG were 10 μM.
Plasma Sample Collection and Pretreatment
Human plasma samples were collected from the Fourth Affiliated Hospital of Nanchang University (Nanchang, China). Plasma samples were centrifuged at 4000 rpm for 15 min and the supernatant was transferred into standard centrifuge tubes. Afterwards, the samples were diluted in different multiple with PBS (pH 7.4) without other pretreatment and were added into the triangular Au nanoplates-uricase sensing system as mentioned. The detection of each sample was performed independently in five replicates.
Results and Discussion
Characterization of the Triangular Au Nanoplates
In the process of synthesizing triangular Au nanoplates, hexadecyltrimethylammonium bromide (CTAB) as a surfactant, has been widely used in the preparation of anisotropic gold nanostructures because they can preferentially bind certain gold surfaces and protect the nanoparticles from aggregation [31, 32] . Iodide ions are explored as the shape-directing agent and dual-functional reagent [33] . So they can not only accelerate the formation of nanoplates, but also form I 3 − to selectively remove impurities that were formed by chemical etching. In addition, ascorbic acid can reduce Au 3+ to Au + quickly, as evidence, the solution from light yellow to colorless. Sodium hydroxide is used to adjust the pH of the solution, which is around 8.0 at last. UV-Vis spectrometer has been used to characterize the triangular Au nanoplates. As shown in Fig. 1a , the triangular Au nanoplates solution has displayed tow peaks centered at the wavelength of 552 and 642 nm, which can be attributed to the out-of-plane dipole and in-plane dipole resonance of triangular Au nanoplates, respectively [23] . No obvious absorption peak at 530 nm can be observed, demonstrating the formation of anisotropic nanostructures, which has been further confirmed by TEM and SEM characterization. It was worth noting that the TEM image was obtained directly from the original product without any size selection and any other purification process.
As can be seen in Fig. 1b , the TEM image revealed that the monodispersed triangular Au nanoplates with sharp tips have been successfully prepared. The average edge length of 45 ± 3 nm (Fig. 1e) nanoplates can be estimated. The selected area electron diffraction (SAED) pattern of Fig. 1c confirms that the as-prepared triangular Au nanoplates is single crystalline. As shown in Fig. 1d , the results of the SEM image are accordant with TEM, which prove that the triangular Au nanoplates has been successfully prepared.
Detection Principle of Sensor
Urease catalyzed the oxidation of uric acid, resulting in allantoin, carbon dioxide and hydrogen peroxide. In turn, hydrogen peroxide etched the active "tips" area of the triangular Au nanoplates, eventually, it results in a great increase of absorbance of triangular Au nanoplates. The biochemical reactions can be expressed by the following equations:
After uricase-catalyzed reaction, it was found that the morphology (Fig. 2a) of triangular Au nanoplates changed from triangle to round and some irregular shape. In order to verify the etching effect of hydrogen peroxide on triangular Au nanoplates, the TEM images only adding hydrogen peroxide directly to triangular Au nanoplates solution was collected, and showed that it was consistent with the morphology of previous uric acid reaction. As illustrated in Fig. 2b , compared with the UV-Vis spectrum of triangular Au nanoplates (curve black), the control experiments showed that no significant increase in absorbance was observed for both triangular Au nanoplates-uric acid (curve red) and triangular Au nanoplates-uricase (curve blue). Interestingly, when uric acid was added in the mixture of triangular Au nanoplates and uricase, the absorbance (curve purple) increase
sharply and has a linear relation with the concentration of UA. Actually, formed H 2 O 2 is not able to etch completely Au nanoplates. When the concentration of UA increased with 533.3 μM (Fig. 2c) , the wavelength of maximum absorption (λ max ) showed blue shift from 642 to 592 nm [34] .
Optimization of Sensing System
In order to make the triangular Au nanoplates-uricase sensor to better detect UA, we optimized the experimental parameters including the pH, incubation temperature, and incubation time by measuring the absorbance of triangular Au nanoplates. The pH of the reaction solution has a significant effect on the sensing system. Urease is stable in the range of pH 7.0-11.0 with the best pH value of 8.5. And the stability of triangular Au nanoplates-uricase sensor was poor when the pH was over 8.0. So the influences of pH on the absorbance were tested from 7.0 to 8.0. As shown in Fig. 3a , absorbance increased gradually with pH in the range of 7.0-7.4, and then decreased when the pH was over 7.4, The effect of different incubation temperature ranging from 25 to 60 °C was investigated and shown in Fig. 3b . It is worth noting that the absorbance increased upon increasing temperatures from 25 to 40 °C and then decreased when the temperature was higher than 40 °C, which may be due to enzyme inactivation at high temperature and the reduced concentration of dissolved oxygen. The maximum of absorbance was obtained when incubation temperature was fixed at 40 °C. Finally, as depicted in Fig. 3c , the effect of incubation time on the absorbance was studied over the range of 0-60 min. It was found that the absorbance increased gradually with the increase of incubation time in the range from 0 to 40 min, and then reached a dynamic equilibrium when incubation time was longer than 40 min. Accordingly, the ideal incubation time for UA detection was 40 min.
Linearity and Detection Limit
Under the optimal conditions, UA standard solutions was detected. As shown in Fig. 4a , the absorbance at 642 nm increased when the concentration of UA increased. A good linear calibration curve in Fig. 4b was acquired by plotting the absorbance of triangular Au nanoplates versus UA concentration ranging from 0.0027 to 0.5333 μM. A linear regression equation was expressed as Y = 0.1551X + 0.1988(μM) with the correlation coefficient (R 2 ) of 0.9959, where Y refers to the measured absorbance and X refers to the concentration of UA. LOD = 3σ/k, which LOD stands for the detection limit, σ stands for the standard deviation, and k is the slope of the linear regression equation, respectively. According to the above formula, the detection limit of UA was calculated to be 0.0013 μΜ (S/N = 3). A comparison of analytical performances between triangular Au nanoplates-uricase sensor and several uricase-stimulated UA sensors which already reported in literatures was summarized in Table 1 .
Selectivity
In order to evaluate the selectivity of triangular Au nanoplates-uricase sensor for the detection of UA, an investigation into the influence of the sensor toward some other potential interfering substances coexisting in human serum, including histidine, glycine, valine, tryptophan, Figure 5 showed the absorbance of triangular Au nanoplates incubated with UA and uricase and diverse interfering substances. The result showed that only UA can increase the absorption peak of triangular Au nanoplates, while other interfering substances have no significant effect on the detection of UA, which could be explained by the specific catalysis of uricase for UA. Therefore, the interference of them in serum can be ignored. It can be concluded that the proposed sensor shows an excellent selectivity and reliability for the detection of UA in human serum.
Application to the Detection of UA in Human Serum
To investigate the applicability of the practical application of developed UA sensor, the proposed method was applied to detect UA in human serum samples of 5 g out patients.
Furthermore, the concentration of UA in each sample was also analyzed using a biochemistry analyzer of The Fourth Affiliated Hospital of Nanchang University to test the accuracy of this method. The measured results of five human serum samples were 532, 430, 457, 541 and 649 μM, which were consistent with the reported UA concentration range of serum, and the data measured by biochemical analyzer were 514, 451, 475, 560 and 624 μM ( Table 2 ). The average relative error between two methods was 3.9%, indicating the triangular Au nanoplates-uricase sensor offered good precision and low relative error for the detection of UA in human serum samples. 
Conclusions
In summary, we have developed a triangular Au nanoplates-uricase sensor for facile and effective detection of UA in the human serum samples. The absorbance of the triangular Au nanoplates increases with the H 2 O 2 produced by UA catalyzed by uricase. Under the optimum conditions, the method achieved a good linear relationship between the absorbance and UA concentration in the range of 0.0027-0.5333 μΜ, and low detection limit of 0.0013 μΜ (S/N = 3). This method offered several distinct advantages of fast and simple assay without sample pretreatment, high selectively and sensitivity, low-cost instrumental demand. The proposed sensor was further used for the detection of UA in human serum sample, suggesting a promising potential for application in the clinic diagnosis.
